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Abstract. 
 
In the nematode 
 
Caenorhabditis elegans
 
,
 
 
 
ani-
mals mutant in the gene encoding the protein product 
of the 
 
unc-45
 
 gene (UNC-45) have disorganized muscle 
thick ﬁlaments in body wall muscles. Although UNC-45 
contains tetratricopeptide repeats (TPR) as well as lim-
ited similarity to fungal proteins, no biochemical role 
has yet been found. UNC-45 reporters are expressed 
exclusively in muscle cells, and a functional reporter fu-
sion is localized in the body wall muscles in a pattern 
identical to thick ﬁlament A-bands. UNC-45 colocalizes 
with myosin heavy chain (MHC) B in wild-type worms 
as well as in temperature-sensitive (
 
ts
 
) 
 
unc-45
 
 mutants, 
but not in a mutant in which MHC B is absent. Surpris-
ingly, UNC-45 localization is also not seen in MHC B 
mutants, in which the level of MHC A is increased, re-
sulting in near-normal muscle thick ﬁlament structure. 
Thus, ﬁlament assembly can be independent of UNC-
45. UNC-45 shows a localization pattern identical to 
and dependent on MHC B and a function that appears 
to be MHC B–dependent. We propose that UNC-45 is a 
peripheral component of muscle thick ﬁlaments due to 
its localization with MHC B. The role of UNC-45 in 
thick ﬁlament assembly seems restricted to a cofactor 
for assembly or stabilization of MHC B.
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Introduction
 
The nematode 
 
Caenorhabditis elegans
 
 has proven to be an
excellent model to study muscle development and func-
tion because of its anatomic simplicity, fixed cell lineage,
transparency, and facility to genetic analysis (Waterston,
1988; Moerman and Fire, 1997). Of the thousand somatic
cells in adult nematodes, there are 189 muscle cells in
males and 164 in hermaphrodites, of which the 95 body
wall muscles and 20 pharyngeal muscle cells are striated
muscles (Waterston, 1988; White, 1988). The structure and
components of 
 
C. elegans
 
 striated muscles are very similar
to vertebrate muscles, composed of thick filaments, thin
filaments, M-lines, and dense bodies (Waterston, 1988;
Moerman and Fire, 1997). In 
 
C. elegans
 
, muscle thick fila-
ments are composed principally of myosin, paramyosin,
and associated proteins. 
 
C. elegans
 
 has four myosin heavy
chain (MHC)
 
1
 
 isoforms with MHC A and B in the body
wall muscles and other single sarcomere muscles, and MHC
C and D exclusively in the pharyngeal muscles (Ardizzi and
Epstein, 1987). MHC B is the most abundant isoform, con-
tributing 
 
z
 
70% of the total MHC protein in the adult
(Waterston, 1988).
 
unc-45
 
 function is required for normal embryonic devel-
opment of 
 
C. elegans
 
, as embryonic lethal alleles at the
 
unc-45
 
 locus have been isolated (Venolia and Waterston,
1990). However, 
 
unc-45
 
 was initially characterized based
on a temperature-sensitive (
 
ts
 
) viable allele at the locus
(Epstein and Thomson, 1974). At the restrictive tempera-
ture (20
 
8
 
C or above), the strongest 
 
unc-45
 
 (
 
ts
 
) alleles result
in animals that are fully paralyzed and have a reduced
thick filament number in the body wall muscles. A shift
between the permissive and restrictive temperatures dur-
ing larval development results in the reversal of the phe-
notype, suggesting that the protein product of the 
 
unc-45
 
gene (UNC-45) may be necessary for thick filament as-
sembly (Epstein and Thomson, 1974). Embryos homozy-
gous for the nonconditional alleles, as well as RNAi phe-
nocopies of the presumed null phenotype, lack all body
movements and arrest at the “two-fold” stage of embryo-
genesis, when most embryonic cell divisions and the early
steps in morphogenesis are complete (Venolia and Water-
ston, 1990; Venolia et al., 1999). The maternal rescue of
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tempera-
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 gene. 
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one of the lethal alleles (
 
st604
 
) and partial maternal rescue
of the other two (
 
st601
 
 and 
 
st603
 
) indicate that the 
 
unc-45
 
gene product (mRNA or protein) is present in the oocytes
(Venolia and Waterston, 1990). Moreover, studies using
thick filaments isolated from the 
 
unc-45
 
 (
 
ts
 
) worms grown
at the restrictive temperature show that MHC A and B are
no longer differentially localized and the thick filaments
are unstable in vitro (Barral et al., 1998).
The 
 
unc-45
 
 gene has been cloned recently and encodes a
predicted protein of 961 amino acids, which contains three
tandem tetratricopeptide repeat (TPR) motifs at the NH
 
2
 
terminus and a region with similarity to the fungal CRO1/
SHE4 proteins in the COOH-terminal half (Venolia et al.,
1999). TPR motifs have been found in many proteins with
apparently divergent functions (Goebel and Yanagida,
1991), and may be involved in protein–protein interactions
(Das et al., 1998). A TPR-containing cyclophilin has been
shown recently to be required for larval muscle develop-
ment in parasitic and free-living nematode species (Page
and Winter, 1998). The CRO1/SHE4 domain of UNC-45
is similar to part of the fungal CRO1 protein and the yeast
SHE4 protein. CRO1 protein is required for the transition
between the syncytial and cellular states of the filamen-
tous fungus 
 
Podospora anserina
 
 (Berteaux-Lecellier et al.,
1998). The SHE4 protein of budding yeast is required for
the segregation of determinants between mother and
daughter cells for proper 
 
HO
 
 expression, which affects the
mating type switching ability of the cell (Jansen et al.,
1996; Wendland et al., 1996). SHE4 may interact with an
unconventional myosin Myo4p (SHE1) in this process
(Jansen et al., 1996). The sequence similarity between
UNC-45 and CRO1/SHE4 suggests that UNC-45 may also
interact with at least one myosin isoform, presumably in
the body wall muscles.
Here, we show that 
 
unc-45
 
::green fluorescent protein
(GFP) reporter fusions are expressed in all muscle cells
and a functional UNC-45::GFP fusion is localized to the
A-bands of thick filaments in body wall muscles. Immuno-
fluorescence experiments demonstrate that UNC-45 colocal-
izes with MHC B in the thick filaments of wild-type worms
and is also associated with the abnormal thick filaments in
 
unc-45
 
 (
 
ts
 
) mutants grown at the restrictive temperature. In
 
unc-54
 
–null animals, in which MHC B is absent, and in 
 
unc-
54
 
; 
 
sup-3
 
 mutants, in which increased MHC A partially com-
pensates for lack of MHC B, UNC-45 cannot be detected in
association with thick filaments. Therefore, we conclude that
UNC-45 is a component of muscle thick filaments due to its
colocalization with MHC B, but not MHC A, in the body
wall muscles. Furthermore, we show that UNC-45 may be
added into thick filaments after MHC isoforms.
 
Materials and Methods
 
Strains and Genetics
 
Strains carrying 
 
unc-45 
 
(
 
e286
 
), 
 
unc-45
 
 (
 
r450
 
), 
 
unc-45
 
 (
 
m94
 
), and N2 (wild-
type) were obtained from the stock collection of the Medical Research
Council Laboratory of Molecular Biology, Cambridge, UK; CB190 (
 
unc-54
 
[
 
e190
 
]) from the 
 
Caenorhabditis
 
 Genetics Center, University of Minnesota,
Minneapolis, MN; and double mutant RW2329 (
 
unc-54
 
 [
 
e190
 
]; 
 
sup-3
 
[
 
e1407st90st92
 
]) and triple mutant RW2665 (
 
unc-54
 
 [
 
e190
 
]; 
 
unc-45
 
 [
 
m94
 
];
 
sup-3
 
 [
 
e1407st90st92
 
]) from the laboratory of R.H. Waterston (Washing-
ton University, St. Louis, MO). The strains were maintained as described
(Wood, 1988).
 
Transgenic Line
 
A plasmid (pDP#WA036) that contains the full-length 
 
unc-45
 
 cDNA
fused in frame to GFP and driven by the 
 
unc-45
 
 promoter was described
previously (Venolia et al., 1999). The transgenic line (DP193 edEx74)
generated as described (Mello et al., 1991) contains this construct as part
of an extrachromosomal array along with pRF4 (
 
rol6 
 
[
 
su1006dm
 
]). An
isolate of this line showing transmission of the array to 
 
.
 
95% of the prog-
eny was used in this study. GFP expression was examined using the fluo-
rescein isothiocyanate filter set under a Zeiss Axioskop.
 
Antibody Production and Affinity Purification
 
A portion of the 
 
unc-45
 
 cDNA, corresponding to a 58-residue region from
amino acid 18 to 76 of the predicted UNC-45 protein, was ligated in frame
to the glutathione 
 
S
 
-transferase coding region in the expression vector
pGEX-2T (Amersham Pharmacia Biotech). This glutathione 
 
S
 
-trans-
ferase::UNC-45 fusion was expressed in 
 
E
 
.
 
 coli
 
 strain BL21(DE3) under
standard conditions and purified on glutathione agarose (Amersham
Pharmacia Biotech) as described (Smith and Johnson, 1988). Rabbit anti-
serum to this fusion protein was raised and purified as described (Ausubel
et al., 1991). The preimmune serum did not detect the putative UNC-45
protein on Western blots and did not show any significant staining in im-
munofluorescence.
 
Immunoblotting
 
SDS-soluble nematode protein extract was prepared as described (Goet-
inck and Waterston, 1994) and separated by SDS-PAGE. The gel was
electroblotted onto Hybond-ECL (Amersham Pharmacia Biotech) and
blocked in Tris-buffered saline with 1% Triton X-100 (TBST) containing
5% skim milk powder for 1 h at room temperature. Purified anti–UNC-45
antiserum was added at a 1:10,000 dilution and incubated at room temper-
ature for 1 h. HRP-conjugated anti–rabbit IgG (Amersham Pharmacia
Biotech) was added at a dilution of 1:2,500. The blot was washed three
times in TBST and detected using ECL Western blotting Reagents (Am-
ersham Pharmacia Biotech).
 
Microscopy
 
Polarized light microscopy was performed as described (Waterston et al.,
1980; Hobert et al., 1999). For immunofluorescence, young larvae were
fixed as described (Miller and Shakes, 1995) using the methanol/acetone
fixation method and air-dried after fixation. For whole-mount fixation of
older larvae and adults, the method used was originally developed by
Finney and Ruvkun (1990) and modified for the study of muscle as de-
scribed (Miller and Shakes, 1995).
mAbs against MHC isoforms (kindly provided by Dr. David Miller, 
2Vanderbilt University, Nashville, TN) were used at 1:100 dilution for DM
5-6 growth media and 1:1,000 dilution for DM 5-8 ascites, respectively. Pu-
rified polyclonal antibody 7N5 against UNC-45 was used at 1:500–1:1,000
dilution. The secondary antisera (Sigma Chemical Co.) used were fluores-
cein isothiocyanate–labeled anti–rabbit (at 1:1,000 dilution) or tetrameth-
ylrhodamine B isothiocyanate–labeled anti–mouse (at 1:1,000 dilution) Igs.
 
Motility Assay
 
The N2 (wild-type), 
 
unc-45
 
 (
 
m94
 
), double mutant RW2329 (
 
unc-54
 
 [
 
e190
 
];
 
sup-3
 
 [
 
e1407st90st92
 
]), and triple mutant RW2665 (
 
unc-54
 
 [
 
e190
 
]; 
 
unc-45
 
[
 
m94
 
]; 
 
sup-3
 
 [
 
e1407st90st92
 
]) strains were grown at 25
 
8
 
C. Five young adult
worms of each strain were put in the center of five plates that were com-
pletely seeded with a lawn of 
 
E
 
.
 
 coli 
 
cells (OP50). The worms were al-
lowed to crawl for 1 h at 25
 
8
 
C, and the traces were marked with a pen and
photographed. All five worms of the same strain showed similar motility.
 
Results
 
unc-45::GFP Is Expressed in all Muscle Cells
 
We have shown previously that the 
 
unc-45
 
 promoter drives
expression of GFP in muscle cells in 
 
C. elegans
 
, but in our
initial analysis the transgenic arrays were unstable, only a
fraction of the progeny inherited the arrays and only a frac-
tion of the muscle cells in any transgenic animal expressed 
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the GFP reporter (Venolia et al., 1999). In addition, subcel-
lular localization of the resulting reporter protein, which
contains only a small fragment of UNC-45, would not be in-
formative for the native protein. We have since obtained a
stable transgenic 
 
unc-45
 
 cDNA::GFP line in which GFP is
fused in frame to the entire UNC-45 coding region, 
 
.
 
95% of
the progeny inherit the array, and the array is mitotically sta-
ble. This 
 
unc-45
 
 cDNA::GFP construct can rescue the 
 
unc-
45 
 
(
 
ts
 
) mutant phenotype at the restrictive temperature of
25
 
8
 
C assayed by both improved motility and muscle struc-
ture (Fig. 1), indicating that the fusion protein retains
UNC-45  function. In this transgenic line, GFP expression is
detected in all muscle cells examined, including body wall
muscle cells, pharyngeal muscle cells, anal-intestinal muscle
cells, gonad sheath muscle cells, and sex-specific muscle cells
in both males and hermaphrodites. This supports a general
role of UNC-45 in development and function of all muscles.
 
Functional UNC-45::GFP Is Localized to the A-bands 
of Body Wall Muscles
 
It has been suggested that UNC-45 protein may be involved
in muscle thick filament assembly (Epstein and Thomson,
1974). UNC-45 could act catalytically in the cytoplasm to
modify the thick filament components for assembly, or it
could act as a component of the thick filament itself. To dis-
tinguish between these alternatives, we examined the ex-
pression pattern of this functional UNC-45::GFP in the
body wall muscle cells in adult worms. The GFP expression
pattern resembles the pattern of A-bands of thick filaments
(Fig. 1 a). To confirm this, the same field was examined un-
der polarized light microscopy and an identical pattern was
seen (Fig. 1 b). This indicates that functional UNC-45::GFP
is associated with thick filaments in body wall muscles.
 
Antiserum Generated against UNC-45 Protein
 
To confirm that this expression pattern of UNC-45::GFP
reflects the actual subcellular localization of native UNC-
45 in the body wall muscles, antiserum against an epitope
of the UNC-45 protein was generated. A region of 58
amino acids, corresponding to the NH
 
2
 
-terminal end of
UNC-45, was expressed as a glutathione 
 
S
 
-transferase fu-
sion protein. The affinity-purified rabbit antiserum (7N5)
to this fusion protein reacts specifically to an 
 
z
 
105,000 
 
5
 
M
 
r
 
 polypeptide in extracts from wild-type worms (Fig. 2).
The band detected is approximately the same size as the
predicted molecular weight for the UNC-45 primary trans-
lation product. The preimmune serum did not show any
reaction on immunoblotting assays.
 
UNC-45 Is Localized to the Polar Regions of Thick 
Filaments as MHC B in the Body Wall Muscles of
Wild-type Worms
 
Since the functional UNC-45::GFP fusion protein is local-
ized to the A-bands of body wall muscles, we examined
these cells in wild-type adult worms by immunofluores-
cence. In body wall muscles, there are two myosin iso-
forms, MHC A and B. MHC A is localized in the central
part of thick filaments, whereas MHC B is present in the
two polar regions (Miller et al., 1983). Double-staining
with 7N5 and either anti–MHC B antibody or anti–MHC
A antibodies showed that UNC-45 expression pattern
overlaps the MHC B expression pattern, leaving an un-
stained central gap (Fig. 3 c), whereas MHC A expression
is localized in the central part of the A-bands and overlaps
only slightly bilaterally with UNC-45 (Fig. 3 f). Fig. 3 i
shows the MHC A and B double-staining pattern, which is
Figure 1. Comparison of the
functional UNC-45::GFP pro-
tein distribution and the mus-
cle filament pattern under po-
larized light microscopy in the
body wall muscles of the res-
cued unc-45 ( r450). a is the
GFP signal associated with the
UNC-45::GFP fusion protein.
b is the same field showing the
muscle filament pattern as vi-
sualized by polarized light mi-
croscopy. The arrows indicate
the thick filaments containing
A-bands. Bar, 10 mm.
Figure 2. The 7N5 antiserum generated against an NH2-terminal
fragment of UNC-45 reacts specifically with a polypeptide of
about 105 K (MWr) on Western blots of wild-type worms. The
polypeptide detected is consistent with the predicted size of
UNC-45 (z107 kD). The same amount of protein extract was
used for each lane. The 7N5 antiserum was used in dilutions of
1:5,000 and 1:10,000, respectively, in lanes A and B. The preim-
mune serum used at 1:5,000 dilution did not show any specific re-
action on Western blots (data not shown). 
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similar to that of UNC-45 and MHC A double-staining.
This indicates that UNC-45 may colocalize with MHC B,
but not MHC A, in the body wall muscles. Fig. 4 is a sche-
matic diagram of muscle thick filaments, depicting the lo-
calization of UNC-45, MHC A, and B on the thick fila-
ment (Fig. 4 A), and showing thick filaments as visualized
by polarized light microscopy (Fig. 4 B), when labeled
with both UNC-45 and MHC B antibodies and labeled
with both UNC-45 and MHC A antibodies, respectively.
 
Mutant UNC-45 Is Still Associated with Thick 
Filaments in unc-45 (ts) Mutant Worms Grown at the 
Restrictive Temperature
 
unc-45 
 
(
 
ts
 
) mutants grown at the restrictive temperature
(20
 
8
 
C or above) are paralyzed, and show a reduced num-
ber of thick filaments that are present in a disorganized ar-
rangement (Epstein and Thomson, 1974). To test if mu-
tant UNC-45 protein is still associated with thick filaments
in the 
 
unc-45
 
 (
 
ts
 
) mutants grown under restrictive condi-
tions, we examined worms doubly stained with UNC-45
and MHC A or MHC B antisera. We chose the conditional
mutants unc-45 (r450) and unc-45 (e286), which are both
missense alleles resulting in different amino acid substitu-
tions in the CRO1/SHE4 domain (Barral et al., 1998) and
should therefore still react with the polyclonal antisera.
For the worms grown at both 22 and 258C, the mutant
UNC-45 protein is still associated with the disorganized
thick filaments. The UNC-45 staining pattern (Fig. 5 a) is
similar to the MHC A staining pattern (Fig. 5 b) as well as
the MHC B staining pattern (data not shown). These re-
sults suggest that the association of UNC-45 with the thick
Figure 3. UNC-45 colocalizes with MHC B in the thick filaments of body wall muscles of wild-type adult worms. a, b, and c are the same
field of body wall muscle labeled with anti–UNC-45 (7N5), anti–MHC B (DM 5-8), or double-labeled with 7N5 and DM 5-8, respec-
tively. d, e, and f are the same field of body wall muscle labeled with 7N5, anti–MHC A (DM 5-6), or double-labeled with 7N5 and DM
5-6, respectively. g, h, and i are the same field of body wall muscle labeled with DM 5-8, DM 5-6, or double-labeled with DM 5-8 and
DM 5-6, respectively. Note that DM 5-8 reacts with MHC B, which is localized on the two polar regions of the A-bands, and DM 5-6 re-
acts with MHC A, which is localized in the middle of the A-bands. c shows the overlapped pattern of UNC-45 and MHC B at the two
polar regions of the thick filaments. f and i show a similar pattern with a central labeled strip when double-labeled with UNC-45 and
DM 5-6, or DM 5-8 and DM 5-6, respectively. The arrows indicate the central unlabeled strip for UNC-45 (a and d) and for MHC B (b
and g), the central unlabeled strip for double-staining (c) as shown in Fig. 4 B, panel b, and the central labeled strip for double-staining
(f and i) in Fig. 4 B, panel c. Bars, 10 mm.Ao and Pilgrim UNC-45 in C. elegans Muscle Thick Filaments 379
filaments may not be affected in these mutants, but that
this assembly or association is not sufficient to provide
wild-type UNC-45 activity. In this case, it cannot be deter-
mined whether UNC-45 still differentially localizes with
MHC B or MHC A, since the two myosins are scrambled
in the unc-45 (ts) mutant worms grown at the restrictive
temperature (Barral et al., 1998), and their localization is
no longer differential.
UNC-45 Is Not Localized to Thick Filaments in
unc-54–null Mutants in which MHC B Is Absent
If UNC-45 colocalizes only with MHC B but not MHC A
in thick filaments in wild-type worms, it is expected that
UNC-45 will not be localized to thick filaments in mutants
homozygous for the unc-54–null allele in which MHC B
protein is absent. unc-54 (e190) is a null mutant that pro-
duces viable but paralyzed adults with disorganized thick
filaments in which no MHC B is detectable (Epstein et al.,
1974; Dibb et al., 1985; Bejsovec and Anderson, 1988). Im-
munofluorescence shows that UNC-45 is indeed not local-
ized to these disorganized thick filaments (Fig. 5 c),
whereas MHC A is still present (Fig. 5 d). Therefore, we
conclude that UNC-45 does not associate with MHC A in
the body wall muscles of worms lacking MHC B.
UNC-45 Is Not Localized to Thick Filaments in unc-54 
(0); sup-3 Mutants in which MHC B Is Absent, but the 
Amount of MHC A Is Increased
sup-3 is an unusual allele of myo-3 (encoding MHC A),
which is a strong suppressor of unc-54–null alleles as well
as unc-15 missense alleles (Riddle and Brenner, 1978; Wa-
terston, 1988; Maruyama et al., 1989). The double mutant
RW2329 (unc-54 [ e190];  sup-3 [ e1407st90st92]) has im-
proved structure of muscle thick filaments and much bet-
ter movement than unc-54 (e190) (Waterston, 1988). This
improvement is due to the increased expression of MHC
A encoded by the myo-3/sup-3 locus (Maruyama et al.,
1989). To determine if UNC-45 activity is still required
in this sup-3 background, the motility of animals from
strains RW2329 (unc-54 [ e190];  sup-3 [ e1407st90st92])
and RW2665 (unc-54 [ e190];  unc-45 [ m94];  sup-3
[e1407st90st92]) was assayed at the restrictive temperature
(258C). As shown in Fig. 6, there is no apparent difference
between the motility of the double and triple mutants.
This indicates that full UNC-45 activity is not required in
an unc-54; sup-3 background for assembly of functional
thick filaments. In addition, immunofluorescence also
shows that UNC-45 is not localized to thick filaments in
these mutants (Fig. 5, e and g). MHC A is still present in
thick filaments (Fig. 5, f and h), which have much better
organization than those seen in the unc-54 (e190)–null al-
lele. These results suggest that the assembly of thick fila-
ments containing only MHC A is UNC-45–independent,
at least in adult animals.
UNC-45 May Be Added to Thick Filaments after MHC 
Isoforms Are Assembled
The specific mechanism by which C. elegans muscle thick
filaments are assembled remains unclear. In the nema-
tode, it has been proposed that body wall muscle thick fila-
ments are composed of a core structure and an outer layer
(Epstein et al., 1985, 1988; Deitiker and Epstein, 1993).
The core structure contains paramyosin as its major pro-
tein and at least three other proteins, a-,  b-, and g-fil-
Figure 4. Schematic diagram
of muscle thick filaments.
(A) Thick filament, depicting
the localization of UNC-45,
MHC A, and B. (B, panel a)
Schematic view of thick fila-
ments as visualized by polar-
ized light microscopy, show-
ing A-band and the central
dark strip in the A-band that
corresponds to the region
containing only the thick fila-
ments but not thin filaments.
(B, panel b) Schematic view
of thick filaments when la-
beled with both UNC-45
(green) and MHC B (red)
antibodies as shown in Fig. 3
c. The color appears as light
yellow, since the UNC-45
and MHC B are completely
overlapped. The central un-
labeled strip corresponds to
the region containing only
MHC A, but not MHC B or
UNC-45. (B, panel c) Sche-
matic view of thick filaments
when labeled with both
UNC-45 (green) and MHC A (red) antibodies as shown in Fig. 3 f. The central labeled strip corresponds to the whole region containing
MHC A and appears as dark yellow due to the overlapping parts of MHC A and UNC-45 and the central part containing only MHC A.The Journal of Cell Biology, Volume 148, 2000 380
agenins (Deitiker and Epstein, 1993; Epstein et al., 1995;
Liu et al., 1998). The outer layer is composed of two differ-
entially localized myosin isoforms, MHC A and B, and as-
sociated myosin light chains in body wall muscles. MHC A
and B may be involved in the initiation and termination of
the assembly, respectively, suggested by their differential
localization on thick filament in the wild-type worms
(Miller et al., 1983). In early larval stages, we have ob-
served that MHC B has been assembled into the thick fila-
ments near the cell membrane along the face of the muscle
cell that is adjacent to the hypodermis, whereas UNC-45 is
still mainly diffuse in the cytoplasm (Fig. 7). This indicates
that UNC-45 may be added to thick filaments after the as-
sembly of MHC A and B. Although the stoichiometry of
UNC-45 and MHC B in these cells at this stage cannot be
accurately measured, this temporal difference in localiza-
tion to the thick filament suggests that while UNC-45 is a
thick filament component in adult muscles, it does not
form a scaffold in the embryo upon which MHC A and B
are assembled.
Discussion
UNC-45 Is a Component of Muscle Thick Filaments
In wild-type nematode, the body wall muscle thick fila-
ment is z9.7 mm long. MHC A is localized in the central
1.8-mm region and MHC B in the two 4.4-mm polar re-
gions, with two 0.45-mm regions of overlap between MHC
A and B (Miller et al., 1983). Our results show that UNC-
45 colocalizes with MHC B in the two polar regions of the
thick filament in adult body wall muscles. In unc-45 (ts)
mutant animals grown at the restrictive temperature,
UNC-45 staining is still associated with disorganized thick
Figure 5. UNC-45 and MHC
A staining in mutant worms. a
and b are the same field of
body wall muscle from unc-45
(r450) mutant animals grown
at the restrictive temperature
(228C) labeled with 7N5 and
DM 5-6, respectively. c and d
are the same field of body wall
muscle from unc-54 ( e190)
mutants labeled with 7N5 and
DM 5-6, respectively. e and f
are the same field of body wall
muscle from unc-54 ( e190);
sup-3 (e1407st90st92) mutants
labeled with 7N5 and DM 5-6,
respectively. g and h are the
same field of body muscle
from unc-54 ( e190);  unc-45
(m94);  sup-3 ( e1407st90st92)
mutants labeled with 7N5 and
DM 5-6, respectively. Note
that UNC-45 is localized to
thick filaments in unc-45 (ts)
mutants (a), but not in unc-54
(0) mutants (c) in which MHC
B is absent and unc-54 ( 0);
sup-3 mutants (e and g) in
which MHC B is absent, but
the level of MHC A is in-
creased. Bars, 10 mm.Ao and Pilgrim UNC-45 in C. elegans Muscle Thick Filaments 381
filaments. However, this localization to thick filament
remnants is lost in unc-54–null mutants, suggesting that
UNC-45 localization is dependent on the presence of
MHC B. Based on these results, we propose that UNC-45
is a component of thick filaments and that UNC-45 is asso-
ciated with MHC B in the outer layer of thick filaments in
wild-type worms. Immunoblotting experiments demon-
strated that the accumulation of MHC B, but not MHC A,
is decreased in unc-45 (ts) mutant worms grown at the re-
strictive temperature (Barral et al., 1998). This indicates
that the accumulation of MHC B, but not MHC A, re-
quires wild-type UNC-45 activity. The overlap of UNC-45
immunolocalization with MHC B, but not MHC A, in the
thick filaments is consistent with this.
Figure 6. Motility assay for RW2329 (unc-54
[e190]; sup-3 [e1407st90st92]) and RW2665 (unc-
54 [ e190];  unc-45 [ m94];  sup-3 [ e1407st90st92])
mutants. a, b, c, and d are plates showing the
traces of worms after crawling for 1 h at 258C for
RW2665 (unc-54 [ e190];  unc-45 [ m94];  sup-3
[e1407st90st92]), RW2329 (unc-54 [ e190];  sup-3
[e1407st90st92]), N2, and unc-45 (m94), respec-
tively. The dots in the centers of the plates are
the start points and the others are the end points.
N2 and unc-45 (m94) were used as controls. Five
young adults were assayed for each strain and all
showed similar motility. There is no apparent
difference for the motility between RW2329 and
RW2665.
Figure 7. UNC-45 may be added into thick filaments after MHC isoforms. a, b, and c are the same part of a wild-type worm at the L1
larval stage labeled with 7N5, DM 5-8, or double-labeled with 7N5 and DM 5-8, respectively. d, e, and f are enlarged for the boxed areas
of a, b, and c, respectively, showing one muscle cell. Note that UNC-45 is diffuse in the cytoplasm (d), whereas MHC B has been assem-
bled into thick filaments near the cell membrane along the face of the muscle cell that is adjacent to the hypodermis (e). Bars, 10 mm.The Journal of Cell Biology, Volume 148, 2000 382
Is the Assembly of MHC A Independent of UNC-45?
The stable incorporation of MHC A into thick filaments
appears to be independent of UNC-45 by several lines of
evidence. First, MHC A is localized in the central part of
the thick filament, where polarized myosin assembly is
thought to initiate (Waterston, 1989) and embryos ho-
mozygous for unc-45 lethal alleles begin MHC A assembly
into thick filaments (Venolia and Waterston, 1990). Sec-
ond, unlike MHC B, the steady-state accumulation of
MHC A in adult muscle is not dependent on UNC-45
(Barral et al., 1998). Third, unc-45 (ts); sup-3 mutants show
muscle structure that is no better than in unc-45 (ts) mu-
tants, but much worse structure than in unc-54 (0); unc-45
(ts); sup-3 mutants, indicating that MHC B, but not MHC
A, is deleterious in an unc-45 background (Waterston,
1988). Moreover, our immunofluorescence studies have
shown that UNC-45 does not colocalize with MHC A ei-
ther in wild-type worms or in the sup-3 background, where
MHC A is the only myosin in the body wall muscle thick
filaments.
However, there is genetic evidence that UNC-45 may
have some role in MHC A assembly or stability earlier in
the embryo. Indirectly, unc-45 lethal alleles (st601 and
st603) and an MHC A–null mutant allele (myo-3 [st378])
have a similar embryonic lethal phenotype, but unc-54–
null alleles are viable (Dibb et al., 1985; Waterston, 1989;
Venolia and Waterston, 1990). Also, increasing the level
of MHC A (as in some sup-3 alleles) can antagonize the
maternal rescue seen in some of the unc-45 lethal alleles
(Venolia and Waterston, 1990). It is possible that UNC-45
may interact with MHC A for the initiation of thick fila-
ment assembly, but this interaction may only be required
at an early stage in development and the unc-45 (ts) alleles
still maintain sufficient UNC-45 activity for that interac-
tion.
A Model for UNC-45 Function
At least one of the roles of UNC-45 seems to be to ensure
the stability of MHC B in the thick filament of the adult
worm. Since MHC B is the major myosin in the nematode
and it covers most of the thick filament of body wall mus-
cles (except a narrow central region which is occupied by
MHC A [Miller et al., 1983]), the assembly and stability of
MHC B would be expected to play a major role in the sta-
bility of the thick filament as a whole. In wild-type worms,
UNC-45 colocalizes with MHC B and the thick filaments
are normal and stable, whereas in unc-45 ( ts) mutants
grown at the restrictive temperature, even though mutant
UNC-45 still colocalizes with MHC B, the thick filaments
are short and disorganized. MHC B levels are reduced in
these worms, suggesting that unassembled or misassem-
bled MHC B is degraded (Barral et al., 1998). UNC-45
shows no thick filament localization in MHC B–null mu-
tants. The simplest explanation for these results is that
unc-45 (ts) mutant animals are defective for an activity
that stabilizes MHC B in long, polarized thick filaments.
The lack of this activity leads (a) to the instability of the
thick filament, and (b) directly or indirectly to the lack of a
polarized arrangement of MHC A and B. unc-45 (ts) mu-
tants are caused by missense mutations within the CRO1/
SHE4 domain of UNC-45 (Barral et al., 1998). This sug-
gests that full activity of the CRO1/SHE4 domain is criti-
cal for the MHC B stabilizing function of UNC-45. To test
this hypothesis, one would need to be able to remove all
UNC-45 function from a muscle cell once the filaments
have assembled normally, and examine the stability of the
thick filament with time.
Although we have only detected colocalization of UNC-
45 and MHC B staining, and the disorganized muscle
structure and function resulting from unc-45 ( ts) alleles
can be suppressed by removing all MHC B and increasing
MHC A levels, UNC-45 must be playing a larger role in
muscle patterning. As discussed earlier, UNC-45 may have
some role with MHC A for the initiation of thick filament
assembly, since the sup-3 alleles of MHC A cannot sup-
press or ameliorate the phenotype of the lethal alleles of
unc-45 (Venolia and Waterston, 1990). Also, in embryos
homozygous for lethal alleles of unc-45, MHC A assembly
begins, but MHC B assembly into thick filaments (even
disorganized ones) is not seen (Venolia and Waterston,
1990). This lack of MHC B assembly is similar to that seen
in strong myo-3 alleles, where MHC B remains dispersed
until late in embryogenesis (Waterston, 1989). Thus,
Figure 8. A model for UNC-
45 function. UNC-45 is re-
quired for the initiation of
thick filament assembly in
the early stages of develop-
ment. It may function as a
catalyst to modify MHC B
(and/or MHC A) before as-
sembly or directly participate
in the assembly itself. In the
case of UNC-45 amber mu-
tations, UNC-45 cannot
function properly and causes
embryonic lethality. Later,
UNC-45 is localized to thick
filaments in the same pat-
terns as MHC B. In the adult,
UNC-45 normally functions as a stabilizer for MHC B. In animals carrying UNC-45 missense mutations in the CRO1/SHE4 domain at
the restrictive temperature, MHC B turnover is increased, either due to inherent MHC B instability on the thick filament or an inability
to properly assemble MHC B into the thick filament, followed by increased turnover of unassembled MHC B.Ao and Pilgrim UNC-45 in C. elegans Muscle Thick Filaments 383
UNC-45 appears to be necessary for the early stages of
myosin assembly, even though it does not appear to be
concentrated in or around the thick filament at that time.
Later, in the adult, it is also necessary for filament stabil-
ity, and thick filament localization is seen.
UNC-45 is also required outside the body wall muscles.
Strong UNC-45 reporter gene expression and immunoflu-
orescence is seen in the pharyngeal muscles, where thick
filaments are composed of MHC C and D. No disorganiza-
tion of pharyngeal muscle structure has yet been reported
in unc-45 mutants, but unc-45 lethal alleles result in em-
bryos where no pharyngeal pumping is seen, whereas em-
bryos homozygous for null alleles of MHC A and B do not
have apparent pharyngeal defects (Venolia and Waterston
1990). Thus, UNC-45 may play a role in assembly or stabil-
ity of thick filaments in pharyngeal muscles (and other
muscles) as well as in body wall muscles. Examination of
pharyngeal muscle structure using EM may be necessary
to address this hypothesis.
A model for the function of UNC-45 in body wall mus-
cles is shown in Fig. 8. In the early stages of development,
UNC-45 is required for the initiation of assembly of MHC
A and B onto the thick filament core structure. Although
it is not associated with thick filaments in these stages, it
may function as a catalyst to modify MHC B (and/or MHC
A) before assembly or directly participate in the assembly
itself. For unc-45 lethal alleles st601 and st603 (which en-
code mutant UNC-45 containing stop codons between the
TPR domain and the CRO1/SHE4 domain [Barral et al.,
1998]), loss of UNC-45 function results in embryonic le-
thality. In the larval stages, UNC-45 becomes localized,
perhaps onto an intermediate in the assembly of thick fila-
ments and associated with MHC B. In the adult, UNC-45
is a component of thick filaments and functions as a stabi-
lizer for MHC B. In the case of unc-45 missense mutations
e286 and r450 (which encode mutant UNC-45 carrying
amino acid changes within the CRO1/SHE4 domain),
MHC B may not be modified properly in the early stages,
so that it cannot be distinguished from MHC A, and their
localization on the thick filament is no longer differential.
Moreover, MHC B is unstable on the filament and shows
reduced accumulation, resulting in disorganized muscle
structure. UNC-45 may function in a similar fashion with
MHC C and D in the pharyngeal muscles. This model
makes some key predictions that can be tested: (a) MHC
A assembly into thick filaments in early embryos should
initiate, but not proceed far in unc-45 (null) embryos; (b)
UNC-45 should physically interact with some form of
MHC B, but not MHC A in vitro; and (c) UNC-45 should
purify with thick filaments isolated from adult worms, and
should be stoichiometrically related to the level of MHC B
in the preparation. To fully understand UNC-45 function,
especially its role in the initiation of assembly in the early
stages, we will need a better understanding of the nature
of the MHC A and B molecules in the earliest stages of
thick filament assembly in the embryo.
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